Analysis of the alternating opaque and translucent zones in fish otoliths is a widely used method to determine age in fish. The mechanisms underlying the annual periodicities in the formation of these zones remain unknown, although various interpretations and explanations have been presented to explain the appearance of the opaque zones. Here I review the biological and structural characteristics of the opaque zones in otoliths from a number of fish species. The results of this review suggest that the opaque zones can be classified into four different types. Type A is a dark opaque zone, displaying minute, dense crystals, and is typically formed at a young life-history stage. Type B comprises an aggregation of grooves and discontinuous crystals that are formed during growth-stagnant periods. Type C can be described as a washy black zone that has the appearance of an object that is smeared with ink; it is formed during seasons of active growth. Type D has deep grooves, appears luminous in transmitted light in etched otolith sections, and is formed during the spawning season. Types A and C otolith opaque zones are typical of younger fish and are formed during growing periods. They are complementary to Types B and D otolith opaque zones which are formed during periods of stagnant growth and/or during the spawning seasons and which are typical of older fish, which generally lack Type A zones. To ensure precise age determination in fish, it is therefore necessary to understand the structural and biological characteristics that produce these four distinct types of opaque zones.
Introduction
Age determination is an essential component of fishery assessment and fish population analysis, as well as important to a better understanding of animal life history and biology. Detailed information on age is required for life-history tables which document an organism's mortality (or survival) and reproduction rate (maturation rate) as a function of age. Although molting times are utilized in life-history tables for some crustaceans or insects, fisheries generally use the age-dependent year. Age information is also required the aim is to examine the growth patterns of fish. Fisheries researchers generally express the relationship of body length to age using growth curves and/or growth formulas. The Bertalanffy growth formula, Gompertz formula, logistic formula, and other sigmoid formulas relate regressed body length to age data and are utilized to express the growth traits of species, variations in growth patterns among species, and growth rates of populations (Akamine 2007) . Such analyses are an essential process in fisheries biology (Jones 2002) . Determining the age composition of a fisheries catch and catch number also require age data. These calculations contribute to our knowledge of mortality, recruitment, and other fundamental population parameters. The proportion of fish of different age groups in a catch or in the population is called the age composition and is closely related to population dynamics and fishing pressure. Catch number by age is necessary to estimate the year class strength.
Growth is strongly influenced by environmental conditions, and variations in the environment are likely to affect the growth rates of body tissues. Changes in growth rate may be visible as growth lines or abrupt discontinuities in the hard parts of fish, such as scales, opercular bones, vertebrae, otoliths, and the spinal cord. Otoliths are generally used to examine growth rate as they are easier to read than scales, and the analysis of otoliths has been found to provide more accurate results of growth rate because they are not resorbed or regenerated (Mugiya 1997; Morales-Nin and Panfili 2002) .
Fish otoliths consist of accreted layers of calcium carbonate and a gelatinous matrix that fish produce throughout their lives. For the majority of fish species, the sagittal otolith contains growth information over the broadest age range of an individual (Campana 2001) . It has been shown that changes in the opacity of otoliths are caused by differences in growth rate (Hüssy and Mosegaard 2004) , age, metabolism (Hoff and Fuiman 1993; Høie and Folkvord 2006) , and sexual maturity (Beckman and Wilson 1995; Høie and Folkvord 2006) . Environmental factors can also play a role, and poor feeding conditions (Neilson and Geen 1985) in addition to temperature and photoperiod (Beckman and Wilson 1995) have been shown to affect otolith opacity. Theoretical advances in the modeling of fish otolith biomineralization using a bioenergetic approach have also recently been reported (Fablet et al. 2011) .
Two seasonal zones, namely, the opaque and the translucent zones, can often be distinguished in otoliths based on different opacities. Under transmitted light the opaque zone is dark and the translucent zone is bright (Wright et al. 2002) . Alternating opaque and translucent zones in fish otoliths are widely used for age determination, with the number of opaque zones widely considered to be the age of the fish in years. However, in not a few species it is not easy to count the opaque zones (Iizuka and Katayama 2008) . Thus, an improved understanding of the structural characteristics and formation patterns of the opaque zone would potentially improve the accuracy of age estimations. In this review, the structural characteristics of the opaque zones are described based on observations of the macro-optical features of the whole otolith, sections of the inner otolith structure, and the crystal structure using scanning electron microscopy (SEM) imagery. Distinct types of opaque zones are formed during different phases of the life cycle. Although the lapilli and asteriscus otoliths can be used for age determination in Cypriniformes fishes (Iizuka and Katayama 2008) , in this review I refer only to sagittal otoliths.
Methods
To view the whole otolith surface, individual otoliths were immersed in water or alcohol and viewed directly using reflected light (magnification 2-10×). When the background is dark or black, opaque and translucent zones are visible as white and black zones, respectively.
To examine otolith sections, the otoliths were mounted and embedded in polyester resin and cut into approximately 0.2-mm transverse sections using a diamond saw (Leica sp1600; Leica Microsystems GmbH, Wetzlar, Germany). These sections were mounted onto glass slides and their surfaces then ground to increasingly finer grades using Carborundum paper. The sections were then etched with 0.2 N HCl for 40-60 s to highlight the microstructure in the otoliths. These sections were then observed under a binocular microscope (magnification 10-40×) with transmitted light and by SEM (Miniscope TM3030; Tabletop Scanning Electron Microscope, Hitachi, Japan) (magnification 80-1000×). In some cases, enamel paint was applied to smooth the surface.
Results
Four types of opaque zones were identified. Briefly, Type A is a dark opaque zone, displaying minute, dense crystals, and is typically formed at a young life-history stage; Type B comprises an aggregation of grooves and discontinuous crystals that are formed during growth-stagnant periods; Type C has the appearance of an object that is smeared with ink; it is formed during seasons of active growth; Type D has deep grooves, appears luminous in transmitted light in etched otolith sections, and is formed during the spawning season. These four types of otolith opaque zone are described in detail in the following sections.
Type A
Otoliths of fishes generally have opaque cores. This core is surrounded by a translucent zone that is formed in the first year of life, with the exception of the Arabesque greenling Pleurogrammus azonus which has a long floating life of 1 year (Takashima et al. 2013) . After the first year, an opaque zone is formed around the translucent zone, and these zones can be used to determine the age of the fish. In young fish, the whole otolith has an appearance of distinct zebra-like annuli, which are alternating opaque and translucent zones. Young rockfishes and flatfishes have otoliths in which the opaque zone can be easily analyzed by observing the surface of the whole otolith ( Fig. 1) .
In otolith sections, dark-brown zones correspond to areas that appear opaque using the surface observation method (Fig. 2) . SEM observations reveal the presence of minute, dense crystals in these zones, which are typically formed at younger ages and are arrayed in these parts of the opaque zone and not in other parts of the translucent zone (Fig. 3) .
This type of opaque zone seems to be traditional annuli. In general, the otolith nucleus and the zones formed during periods of rapid growth are composed of dense, opaque material that contains a high proportion of organic matter. Less dense, translucent, or hyaline material is deposited during periods of slower growth (Mugiya 1997) . The formation of these alternating opaque and translucent zones and their use in age determination was reviewed 1 3
by Bagenal (1974) and Summerfelt (1987) . Some of the mechanisms that have been attributed to the formations of zones in otoliths include the thickness and size of aragonite crystals (Morales-Nin 1987), organization of aragonite crystals (Jolivet et al. 2013) , frequency of growth discontinuities and organic layers (Mugiya et al. 1985) , ratio of calcium carbonate to protein matrix (Casselman 1974 (Casselman , 1982 (Casselman , 1987 Mugiya 1984) , elemental ratios (Casselman 1982 (Casselman , 1983 Kalish 1989 Kalish , 1991 , and bioenergetic annual cycle (Gronkjaer 2016) . A combination of these factors is believed to cause the differences in optical densities of the two zones (Wright et al. 2002) .
The timing and seasonality of the formation of the opaque zones have been analyzed using monthly samples. Recently, individual data have been used for direct validation. The seasonal and annual formation of opaque zones has been investigated using the mark and recapture method (Szedlmayer and Beyer 2011; Cavole and Haimovici 2016; Peel et al. 2016 ) coupled with daily growth increments (Cavole and Haimovici 2016; Aldanondo et al. 2016 ). These studies determined that opaque zones were formed following the spawning period. 
Type B
As fish age, their otoliths become thicker, and surface observation becomes more difficult. Otolith sections, which reveal inner structures not visible on the surface, are generally used when the otoliths of older fish are analyzed. An example of an otolith section from black porgy Acanthopagrus schlegelii is shown in Fig. 4 . The first translucent zone surrounding the dark opaque otolith core is not surrounded by dark opaque zones of Type A, but instead it is surrounded by a thin opaque structure that resembles a line. In Fig. 4 it can be seen that thin opaque zones are regularly arrayed around the otolith ridge. These thin opaque zones, classified as Type B, are generally formed in older fish, in contrast to Type A opaque zones which are formed in younger fish (Cavole and Haimovici 2016) . Zones of Type B (dark-colored opaque zone) can also be seen in an otolith section of the ridged-eye flounder Pleuronichthys lighti (Fig. 5, top) . The structural characteristics are clearly visible in the SEM image (Fig. 5 , middle and bottom). Aggregations of grooves and discontinuous structures are formed in the opaque zones.
A detailed examination of this structure reveals distinct changes in the direction of otolith growth (Fig. 6) . The otolith initially grew in a dorsal-ventral direction in a transverse plane and became slightly warped with the aggregation of grooves. Subsequently, in and around the aggregation of grooves, the dorsal-ventral growth ceased and growth occurred proximally. Otolith growth in this proximal direction was short-lived and growth gradually returned to the former dorsal-ventral direction. Although the general direction of growth was dorsal-ventral in the transverse section, proximal growth was observed in later growth stages.
Investigations involving monthly sampling have shown that the formation of Type B opaque zones and the directional change in otolith growth occurs during the spawning season for many fish Katayama and Yamamoto 2012; Kawashima et al. 2017; Nagano et al. 2014; Tanaka et al. 2008; Yamada et al. 2011; Yamamoto and Katayama 2013; Yamashita et al. 2015) . The aggregation of grooves may be caused by periods of stagnant somatic and otolith growth, while the directional change may be related to a shift from reproduction to growth. The alternative formation of Type A (recovery from spawning period) and B (spawning period) zones in Japanese flounder can be seen in Fig. 7 .
As Type B zones are formed during the spawning period, the question arises whether this opaque zone marks the time of spawning. In validation experiments in which immature fish were reared, grooves were aggregated and directional change occurred during the spawning season (Fig. 8, ALC , Alizarin complexone, marked) in non-spawning flounder. This structure can therefore be related to a shift in the annual cycle of the fish, as mentioned above.
Type C
A type of opaque zone that differs from both Types A and B was found in the otolith of the Japanese jack mackerel Trachurus japonicus (Fig. 9 ). This zone, termed Type C, has a washy black zone appearance, as if smeared with ink; it is formed during seasons of active growth. The Type C opaque zone cannot be distinguished from the other types by SEM (Fig. 10) , and it has not previously been identified as an opaque zone. However, Type C zones can be seen in the images presented in reports relating to black porgy (Yamashita et al. 2015) and red tilefish Branchiostegus japonicus (Yamashita et al. 2011) (Fig. 11 ). Figure 9 shows the alternating formation of Type B and C zones, with Type C sandwiched between Type B zones. This insertion of Type C zones suggests that the seasonality of Type C formation is the opposite to that of Type B. As this is the first description of the Type C zone, the mechanisms and formation patterns have not been documented. The Type C opaque zone is believed to be formed during non-spawning growth periods.
Type D
Type D zones are observed as a deep groove that appears luminous in transmitted light in etched otolith sections. These zones are formed during the spawning season and can often be found within Type B zones. An example of a Type D zone in an otolith from dog tongue sole Cynoglossus robustus is shown in Fig. 12 . This is the simplest structure, a deep groove that is coded as a Type D opaque zone. Although Type D zones have been considered to be an indication of the occurrence of a spawning period for many species (Onishi and Katayama 2010; Nishikawa et al. 2014; Yamamoto et al. 2009; Yamamoto and Katayama 2016) , in the current study Type D zones were observed in young and immature individuals and, therefore, Type D zones do not necessarily indicate that spawning has taken place and cannot be considered as a "spawning check." Williams and Bedford (1974) , Watabe et al. (1982) , and Wright et al. (2002) described Type D zones as follows: "Structural discontinuities also known as checks, are breaks within the regular arrangement of the primary increments. They generally appear after acid etching as deep grooves in the otolith surface and under the Katayama et al. 2010) microscope they appear as wide dark zone." These authors did not examine the relation of this structure with the fish life cycle. Some studies have reported that characteristics of this "check" structure are related to stress, settlement, and stagnant activity (Wright et al. 2002) . Wright et al. (2002) also stated that "When the duration of formation of a discontinuity is known, for example with a winter stress check, such structures can be useful for estimating annual age." While life-history events such as settlement and environmental stresses can result in the formation of otolith checks, in the current study the use of checks formed during the spawning season are considered to be important.
Conclusion
Alternative formations of opaque and translucent zones in fish otoliths are widely used for to determinate fish age. Various interpretations and explanations of the mechanisms causing annual periodicities in opaque zone formations have been put forward, including the presence of differing structures and different bioenergetics factors. To determine fish age and gain an understanding of the life cycles of fishes, researchers need precise knowledge of the opaque zones in the otoliths. The results of this review allow for the classification of four different types of opaque zone, as follows:
• Type A can be described as dark opaque zones that display minute, dense crystals and which are typically formed in the young stage.
• Type B comprises an aggregation of grooves and discontinuous crystals. These zones are formed during growthstagnant periods.
• Type C is a washy black zone which has the appearance of being smeared with ink and which is formed during seasons of active growth.
• Type D is observed as a deep groove, appearing luminous in transmitted light in etched otolith sections and is formed during the spawning season.
Types A and C are typically found in younger fish and are formed during the growth periods. These zones are complementary to Types B and D, which are formed during periods of stagnant growth and/or spawning. These latter two zones are more typical of older fish, in which Type A is absent. To ensure precise age determination, it is necessary to understand the structural and biological characteristics that produce these four distinct zone types.
Recommendations

Methodology
Surface observation methods and section observation methods can both be used in otolith analysis. Surface observations are associated with a greater ease of handling and observation. Otoliths grow in the posterior-anterior and dorsal-ventral directions in young fish, but grow in a proximal direction, increasing in thickness, as the fish ages. It would appear that this growth is synchronized with a period of stagnant somatic growth that occurs once a fish has passed spawning age. Due to the increased thickness of the otolith, surface observation is unsuitable for age determination in older fish for which the section method is used; such studies have already been reported for some species (Hayashi et al. 1995; Sekigawa et al. 2002; Yamamoto et al. 2008) . The section method allows for the observation of the array of annuli in the proximal part of otolith and surrounding the otolith ridge. Zones of Type B and D opaque zones are only visible in cross-section, and their presence can greatly enhance the precision of age determinations. Types B and D opaque zones consist of an aggregation of grooves and/or discontinuous crystals which can be highlighted by etching; these two zones can be clearly observed under the microscope using transmitted light.
Broken-burnt (also known as burn-and-break or breaking and burning) methods have been used to determine the age of eels (Chisnall and Kalish 1993; Graynoth 1999) , whiting (Polat and Gumus 1996; Fowler and Short 1998) , horse mackerel (Alagador and Murta 2002; Abaunza et al. 2008) , lemon sole (Smith 2014) , aurora Rockfish (Thompson and Hannah 2010) , and Lethrinus sp. (Ebisawa and Ozawa 2009) . UV light observation of burnt otoliths has been used to determine the age of Conger eels (Katayama et al. 2002) . A study of the figures presented in these published reports suggests that the opaque zones that became visible through these methods correspond with the Type A or B zone. Further investigation into the relationship between these different methods will be carried out in the future.
False annuli
It can often be difficult to determine the presence of a false annulus or to observe the first annulus in otoliths during age determination studies (Campana 2001) . The identification of seasonal increments is complicated by the presence of false annuli and discontinuous structures which correspond to non-seasonal events. False annuli are non-periodic secondary zones that appear as translucent zones within opaque zones. The mechanisms of their formation are not fully understood, although factors including temperature, oxidative stress, salinity, adverse weather, food intake, and developmental transitions have all been linked to their formation (Berghahn 2000; Cappo et al. 2000; Wright et al. 2002; Katayama and Isshiki 2006) . The methodology for reading opaque and translucent zones is limited, and criteria Katayama and Yamamoto 2012) to distinguish between seasonal zones and false annuli do not exist. As stated above, the directional change in otolith growth occurs during the spawning period, even if the fish is immature. This suggests that false annuli, which are abruptly formed in opaque zones, should accompany directional changes in otolith growth. Structural characteristics such these directional changes in otolith sections can be useful to distinguish between true annuli and false annual rings. It is therefore recommended that the sectioning method is used for a precise determination of age and discrimination of false annuli in fish of all ages.
